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The recently observed possible antimagnetic rotation band in 101Pd is investigated by the cranked
shell model with pairing correlations treated by a particle-number conserving method, in which
the blocking effects are taken into account exactly. The experimental moments of inertia and
reduced B(E2) transition probabilities and their variations with the rotational frequency ω are well
reproduced. By analyzing the ω-dependence of the occupation probability of each cranked Nilsson
orbital near the Fermi surface and the contributions of valence orbitals in each major shell to the total
angular momentum alignment, the upbending mechanism of νh11/2 in
101Pd is understood clearly.
The proton angular momentum alignment and its influence on the two-shears-like mechanism are
also discussed.
PACS numbers: 21.60.-n; 21.60.Cs; 23.20.Lv; 27.90.+b
I. INTRODUCTION
Magnetic rotation (MR) [1] and antimagnetic rotation
(AMR) [2] are interesting exotic rotational phenomena
observed in weakly deformed or near spherical nuclei [3].
In the MR bands, the energy and angular momentum
are generated due to the so-called “shears mechanism”,
i.e., the alignments of the high-j proton and neutron
angular momenta. This type of rotational bands have
been discovered experimentally in A ∼ 60, 80, 110, 130,
and 190 mass regions [3–6]. In analogy to the anti-
ferromagnetism in condensed matter physics, a similar
phenomenon known as “antimagnetic rotation” is pre-
dicted in nuclei by Frauendorf [2, 3]. In AMR bands,
the energy and angular momentum are increased by the
so-called “two-shears-like mechanism”, i.e., by simulta-
neously closing of the two valence protons (neutrons) to-
ward the neutron (proton) angular momentum vector.
The physical reason behind the establishment of such ro-
tational bands built on near-spherical nuclei is the viola-
tion of the rotational symmetry by the nucleon currents.
AMR is expected to be observed in the same mass re-
gions as MR [3]. Since AMR was proposed [3], it has
been investigated both from experimental and theoreti-
cal aspects. Up to now, experimental evidence of AMR
has been reported in Cd isotopes including 105Cd [7],
106Cd [8], 108Cd [9, 10], 110Cd [11], and 107Cd [12]. In ad-
dition, the occurrence of this phenomenon still needs fur-
ther investigation by lifetime measurements in 109Cd [13],
100Pd [14], 144Dy [15], and 112In [16].
Theoretically, AMR has been discussed by simple ge-
ometry in the classical particle rotor model [4], and
the tilted axis cranking (TAC) model [17–19]. Based
on the TAC model, many applications have been car-
ried out in the framework of microscopic-macroscopic
model [8, 9, 14], pairing plus quadrupole model [3, 13],
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and the covariant density functional theory (CDFT) [20–
23]. In particular, by using the point-coupling density
functional [24], TAC-CDFT has also been applied suc-
cessfully in describing many other phenomena such as
magnetic and chiral rotation [25], nuclear rod shape [26],
etc. Very recently, the TAC-CDFT has also been ex-
tended to including pairing correlations in Ref. [27]. We
note that pairing correlations, in most of the existing
studies, are either neglected or treated by the Bogoli-
ubov formalism, where the particle number is not con-
served. The violation of the particle number may raise
serious problems [28, 29]. Actually, all cranked Hartree-
Fock-Bogolyubov (HFB) calculations show that a pair-
ing collapsing occurs for angular momentum I greater
than a critical value Ic [30]. The remedy in terms of the
particle-number projection or the Lipkin-Nogami method
can restore this broken symmetry. Previous investiga-
tions show that, after performing the particle-number
projection, the description of the rotational properties
can be improved considerably comparing with the HFB
cranking calculations [31]. However, they complicate the
algorithms considerably, yet without improving the de-
scription of the higher-excited part of the spectrum of
the pairing Hamiltonian [29].
In the present work, the cranked shell model (CSM)
with pairing correlations treated by a particle-number
conserving (PNC) method [28, 32] is used to investi-
gate the possible AMR band νh11/2 in
101Pd [33, 34].
The PNC-CSM has already been used to investigate the
AMR bands in 105Cd and 106Cd [35]. However, quite
recently, lifetime measurements have been performed for
the νh11/2 band in
101Pd [34], which confirm the previous
assumption of the AMR nature of this band [33]. Note
that the 101Pd nucleus has four proton g9/2 holes, so the
two-shears-like mechanism for this AMR band may be
different from that of the Cd isotopes. Furthermore, the
pairing interaction should be more prominent in 101Pd
due to two more proton holes than Cd isotopes. There-
fore, it is interesting to investigate effects of pairing and
the two-shears-like mechanism in this nucleus.
2In contrary to the conventional Bardeen-Cooper-
Schrieffer (BCS) or Bogoliubov approaches, the Hamil-
tonian is solved directly in a truncated Fock-space in
the PNC method [36]. Therefore, the particle-number
is conserved and the Pauli blocking effects are taken into
account exactly. The PNC scheme has also been used
both in relativistic and nonrelativistic mean field mod-
els [37, 38] and the total-Routhian-surface method with
the Woods-Saxon potential [39, 40]. Very recently, the
particle-number conserving method based on the crank-
ing Skyrme-Hartree-Fock model has been developed [41].
The PNC-CSM has also been employed successfully for
describing various phenomenon concerning on the rotat-
ing nuclei, e.g., the odd-even differences in moments of
inertia (MOI’s) [42], the identical bands [43, 44], the nu-
clear pairing phase transition [45], the rotational bands
and high-K isomers in the rare-earth [46–49], the actinide
nuclei [50–53], etc.
This paper is organized as follows. A brief introduction
to the PNC treatment of pairing correlations within the
CSM is presented in Sec. II. The results and discussion
are given in Sec. III. A brief summary is given in Sec. IV.
II. THEORETICAL FRAMEWORK
The cranked shell model Hamiltonian of an axially
symmetric nucleus in the rotating frame can be written
as
HCSM = H0 +HP = HNil − ωJx +HP , (1)
where HNil is the Nilsson Hamiltonian, −ωJx is the Cori-
olis interaction with the cranking frequency ω about the
x axis (perpendicular to the nuclear symmetry z axis).
HP is the pairing interaction,
HP = −G
∑
ξη
a†ξa
†
ξ¯
aη¯aη , (2)
where ξ¯ (η¯) labels the time-reversed state of a Nils-
son state ξ (η), and G is the effective strength of the
monopole pairing interaction.
Instead of the usual single-particle level truncation in
conventional shell-model calculations, a cranked many-
particle configuration (CMPC) truncation (Fock space
truncation) is adopted which is crucial to make the PNC
calculations for low-lying excited states both workable
and sufficiently accurate [29, 36]. Usually a dimension of
1000 should be enough for the calculations of the heavy
nuclei. An eigenstate of HCSM can be written as
|Ψ〉 =
∑
i
Ci |i〉 , (Ci real), (3)
where |i〉 is a CMPC (an eigenstate of the one-body oper-
ator H0). The expectation value of a one-body operator
O =
∑N
k=1 O(k) is thus written as
〈Ψ|O|Ψ〉 =
∑
i
C2i 〈i|O|i〉+ 2
∑
i<j
CiCj 〈i|O|j〉 . (4)
As O is a one-body operator, the matrix element 〈i|O|j〉
for i 6= j is nonzero only when |i〉 and |j〉 differ by one
particle occupation [32]. After a certain permutation of
creation operators, |i〉 and |j〉 can be recast into
|i〉 = (−1)Miµ |µ · · · 〉 , |j〉 = (−1)Mjν |ν · · · 〉 , (5)
where µ and ν denote two different single-particle states,
the ellipsis · · · stands for the same particle occupation,
and (−1)Miµ = ±1, (−1)Mjν = ±1 according to whether
the permutation is even or odd. Therefore, the expec-
tation value of O can be separated into the diagonal∑
µ O(µ) and the off-diagonal 2
∑
µ<ν O(µν) parts
O = 〈Ψ|O|Ψ〉 =
(∑
µ
O(µ) + 2
∑
µ<ν
O(µν)
)
, (6)
O(µ) = 〈µ|O|µ〉nµ , (7)
O(µν) = 〈µ|O|ν〉
∑
i<j
(−1)Miµ+MjνCiCj , (8)
where
nµ =
∑
i
|Ci|
2Piµ (9)
is the occupation probability of the cranked Nilsson or-
bital |µ〉 and Piµ = 1 (0) if |µ〉 is occupied (empty) in
|i〉.
The kinematic moment of inertia J (1) of |Ψ〉 can be
written as
J (1) =
1
ω
〈Ψ|Jx|Ψ〉 . (10)
The B(E2) transition probabilities can be derived in the
semiclassical approximation as
B(E2) =
3
8
〈Ψ|Qp20|Ψ〉
2
, (11)
where Qp20 corresponds to the quadrupole moments of
protons and
Q20 =
√
5
16pi
(3z2 − r2) = r2Y20 . (12)
III. RESULTS AND DISCUSSION
The Nilsson parameters (κ and µ) for 101Pd are taken
from the traditional values [54]. The deformation pa-
rameters ε2 = 0.125 and ε4 = −0.02 are taken from
Ref. [55]. The valence single-particle space in this work
is constructed in the major shells from N = 0 to N = 5
both for protons and neutrons, so there is no effective
charge involved in the calculation of the B(E2) values.
In principle, the effective pairing strengths can be de-
termined by the odd-even differences in nuclear binding
energies, and are connected with the dimension of the
truncated CMPC space. The CMPC truncation energies
3are about 1.0~ω0 for protons and 0.9~ω0 for neutrons, re-
spectively. For 101Pd, ~ω0p = 8.542 MeV for protons and
~ω0n = 9.065 MeV for neutrons [54]. The dimensions of
the CMPC space are about 1000 both for protons and
neutrons. The corresponding effective pairing strengths
used in this work areGp = 0.6 MeV andGn = 0.6 MeV. A
larger CMPC space with renormalized pairing strengths
gives essentially the same results. In addition, the sta-
bility of the PNC-CSM results against the change of the
dimension of the CMPC space has been investigated in
Refs. [32, 52]. In present calculations, almost all the im-
portant CMPC’s (with the corresponding weights larger
than 0.1%) are taken into account, so the solutions to the
low-lying excited states are accurate enough.
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FIG. 1. (Color online) The cranked Nilsson levels near the
Fermi surface of 101Pd for (a) protons and (b) neutrons. The
positive (negative) parity levels are denoted by blue (red)
lines. The signature α = +1/2 (α = −1/2) levels are de-
noted by solid (dotted) lines. The Nilsson parameters (κ and
µ) are taken from the traditional values [54]. The deforma-
tion parameters ε2 = 0.125 and ε4 = −0.02 are taken from
Ref. [55].
The cranked Nilsson levels near the Fermi surface of
101Pd are shown in Fig. 1(a) for protons and (b) for
neutrons. The positive (negative) parity levels are de-
noted by blue (red) lines. The signature α = +1/2
(α = −1/2) levels are denoted by solid (dotted) lines.
It can be seen from Fig. 1(a) that the four proton holes
in 101Pd are pi9/2+[404] (g9/2) and pi7/2
+[413] (g9/2).
The data show that the possible AMR band in 101Pd is
the lowest lying negative parity band, which is assigned
as νh11/2 [33, 34]. It can be seen from Fig. 1(b) that,
in the present calculation, the lowest lying negative par-
ity state in 101Pd at cranking frequency ~ω = 0 MeV is
ν1/2−[550] (h11/2). Therefore, in the following investi-
gation, adiabatic calculations for the ν1/2−[550] band in
101Pd will be performed and the level crossings in pro-
tons and neutrons appear automatically with increasing
rotational frequency.
Figure 2 shows the experimental (solid circles) and
calculated kinematic MOI’s J (1) with (black solid line)
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FIG. 2. (Color online) The experimental (solid circles) and
calculated kinematic MOI’s J(1) with (black solid line) and
without (red dashed line) pairing correlations for ν1/2−[550]
in 101Pd. The data are taken from Ref. [34].
and without (red dashed line) pairing correlations for
ν1/2−[550] in 101Pd. The data are taken from Ref. [34].
The pairing correlations are very important in repro-
ducing the experimental MOI’s, especially for the rota-
tional frequency region before the sharp backbending at
~ω ∼ 0.65 MeV. It can be seen that the MOI’s of 101Pd
are overestimated when the pairing is switched off, while
they are well reproduced after considering the pairing
correlations except the last two data, which are consis-
tent with the calculated results without pairing. This
may indicate that in the very high-spin region, the ef-
fect of pairing correlations on the reduction of MOI’s
is negligible. In Refs. [33, 34], the upbending around
~ω ∼ 0.45 MeV is interpreted as alignments of two g7/2
quasi-neutrons. In the following, the upbending mecha-
nism in this band will be investigated. It should be noted
that the rotational properties of this band are quite dif-
ferent from those observed in 105Cd and 106Cd [35], in
which the AMR happens in the high-spin region after
the first upbending and the MOI’s nearly keep constant
with increasing rotational frequency.
Figure 3 shows the experimental (solid circles) and cal-
culated B(E2) values with (black solid line) and with-
out (red dashed line) pairing correlations for ν1/2−[550]
in 101Pd. The data are taken from Ref. [34]. It can
be seen that the B(E2) values at higher rotational fre-
quency ~ω > 0.45 MeV can be reproduced well no mat-
ter the pairing is considered or not. However, the de-
scription of the quickly drop of B(E2) values around
~ω ∼ 0.45 MeV can be improved by taking the pairing
correlations into account, even the calculated results still
deviate a little from the data. It is difficult to describe
the B(E2) behavior with a frozen deformation parameter
in the present calculations. This may be due to the defor-
mation change with the rotational frequency for 101Pd.
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FIG. 3. (Color online) The experimental (solid circles) and
calculated B(E2) values with (black solid line) and without
(red dashed line) pairing correlations for ν1/2−[550] in 101Pd.
The inset shows the experimental J(2)/B(E2) values. The
data are taken from Ref. [34].
It should be noted that the quickly drop of B(E2) val-
ues around ~ω = 0.4 to 0.5 MeV is just corresponding
to the upbending region in the MOI’s. Therefore, it is
interesting to know how the angular momentum align-
ments affect the two-shears-like mechanism. Since it is
well known that with the two proton angular momentum
vectors closing, the B(E2) values will be decreased. The
inset shows the experimental J (2)/B(E2) values. It has
been shown in Ref. [34] that, the large J (2)/B(E2) values
indicate the AMR nature of this band.
One of the advantages of the PNC method is that the
total particle number N =
∑
µ nµ is exactly conserved,
whereas the occupation probability nµ for each orbital
varies with rotational frequency. By examining the ω-
dependence of the orbitals close to the Fermi surface,
one can learn more about how the Nilsson levels evolve
with rotation and get some insights on the upbending
mechanism. Figure 4 shows the occupation probability
nµ of each orbital µ (including both α = ±1/2) near
the Fermi surface for protons (upper panel) and neu-
trons (lower panel), respectively. The positive (nega-
tive) parity levels are denoted by blue solid (red dot-
ted) lines. The Nilsson levels far above the Fermi surface
(nµ ∼ 0) and far below (nµ ∼ 2) are not shown. It can
be seen from Fig. 4(a) that at the rotational frequency
~ω ∼ 0.45 MeV, occupation probabilities for the orbitals
pi9/2+[404] and pi7/2+[413] drop down quickly from 1.0
to about 0.5 and from 0.5 to nearly zero, respectively,
while the occupation probabilities of some other orbitals
e.g., pi5/2+[422] (g9/2) and pi3/2
+[431] (g9/2), slightly in-
crease. This can be understood from the cranked Nils-
son orbitals in Fig. 1(a). The proton orbitals pi9/2+[404]
and pi7/2+[413] are above the Fermi surface at ~ω = 0.
Due to the pairing correlations, these two orbitals are
partly occupied. With increasing cranking frequency,
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FIG. 4. (Color online) Occupation probability nµ of each
orbital µ (including both α = ±1/2) near the Fermi surface
of ν1/2−[550] in 101Pd. The top and bottom rows are for
protons and neutrons, respectively. The positive (negative)
parity levels are denoted by blue solid (red dotted) lines. The
Nilsson levels far above the Fermi surface (nµ ∼ 0) and far
below (nµ ∼ 2) are not shown.
these two orbitals leave farther above the Fermi surface,
so the occupation probabilities of these two orbitals be-
come smaller with increasing ~ω. Meanwhile, the oc-
cupation probabilities of those orbitals which approach
near to the Fermi surface become larger with increasing
~ω. The situation is similar in Fig. 4(b). The occupation
probability of ν3/2+[422] (2d5/2) decreases slowly from
0.5 to nearly 0.2 with the increasing frequency ~ω from
about 0.3 MeV to 0.5 MeV, while the occupation proba-
bilities of ν1/2+[420] (1g7/2) and ν1/2
+[431] (2d5/2) in-
crease gradually with ~ω. Therefore, the contributions to
the upbending at ~ω ∼ 0.45 for ν1/2−[550] in 101Pd may
come from the rearrangement of proton occupations in
g9/2 orbitals and the alignment of neutrons in 1g7/2 and
2d5/2 orbitals. Note that in PNC-CSM calculations, the
proton configuration of the AMR bands in 105Cd and
106Cd is nearly one pair of pure proton g9/2 holes (oc-
cupation probabilities are close to zero) [35]. While in
101Pd, due to stronger pairing correlations, the two pair
of proton g9/2 holes are partly occupied and the occu-
pation probabilities are rearranged with increasing rota-
tional frequency, which may indicate a new picture of
AMR.
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FIG. 5. (Color online) The experimental (solid circles) and
calculated (black solid line) angular momentum alignment
〈Jx〉 for ν1/2
−[550] in 101Pd. The contributions of neutrons
and protons to 〈Jx〉 calculated from PNC-CSM are denoted
by blue dashed line and red dotted dash line, respectively.
To analyze the upbending mechanism for ν1/2−[550]
in 101Pd, the experimental (solid circles) and calculated
(black solid line) angular momentum alignment 〈Jx〉 are
shown in Fig. 5. The contributions of neutrons and
protons to 〈Jx〉 calculated from PNC-CSM are denoted
by blue dashed line and red dotted dash line, respec-
tively. It can be seen that at the upbending region
(~ω ∼ 0.45 MeV), the contributions from protons to the
total angular momentum alignment 〈Jx〉 are increased
more than that of the neutrons, which indicates that this
upbending mainly comes from the contribution of the
protons. The present results are different from those ob-
tained in Refs [33, 34], where the increase of the angular
momentum alignment is assumed to be from the align-
ment of one νg7/2 neutron pair. In the present PNC-CSM
calculation, the contributions from neutrons are much
less considerable than those from protons.
Contributions of proton and neutron N = 4 and 5
major shells to the angular momentum alignment 〈Jx〉
for ν1/2−[550] in 101Pd are shown in Fig. 6. The con-
tributions of diagonal
∑
µ jx(µ) and off-diagonal part∑
µ<ν jx(µν) in Eq. (6) from the proton and neutron
N = 4 major shell are also shown as dashed lines. It
can be clearly seen that the upbending for ν1/2−[550]
in 101Pd at ~ω ∼ 0.45 MeV mainly comes from the con-
tributions of the proton N = 4 major shell, while the
neutron N = 4 major shell does not contribute so much.
We note that for the proton N = 4 major shell,
both the diagonal and off-diagonal parts contribute to
the upbending, while for the neutron case, only the
off-diagonal part contributes. This can be clearly seen
from Fig. 7, where the contributions of each proton
(top) and neutron (bottom) orbital from N = 4 major
shell to the angular momentum alignments 〈Jx〉 for
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FIG. 6. (Color online) Contributions of (a) proton and (b)
neutron N = 4 and 5 major shells to the angular momentum
alignment 〈Jx〉 for ν1/2
−[550] in 101Pd. The contributions
of diagonal
∑
µ jx(µ) and off-diagonal part
∑
µ<ν jx(µν) in
Eq. (6) from the proton and neutron N = 4 shell are also
shown as dashed lines.
ν1/2−[550] are presented. The diagonal (off-diagonal)
part jx(µ) [jx(µν)] in Eq. (6) is denoted by black solid
(red dotted) lines. In Fig. 7(a) for protons, one can
easily find that the diagonal parts jx (pi7/2
+[413])
and jx (pi9/2
+[404]), and the off-diagonal parts
jx (pi3/2
+[431]pi5/2+[422]), jx (pi5/2
+[422]pi7/2+[413]),
and jx (pi7/2
+[413]pi9/2+[404]) change a lot after up-
bending (~ω ∼ 0.45 MeV). The alignment gain after the
upbending mainly comes from these terms. In Fig. 7(b)
for neutrons, one sees that the only contribution is from
the off-diagonal part jx (ν1/2
+[431]ν3/2+[422]). Again
this demonstrates that the upbending for ν1/2−[550] in
101Pd is mainly caused by the pig9/2 orbitals, and the
contribution from the neutron νg7/2 and νd5/2 orbitals
are rather small.
In order to examine the two-shears-like mechanism for
ν1/2−[550] in 101Pd, the angular momentum vectors of
neutrons Jν and the four pig9/2 proton holes jpi at ro-
tational frequencies from 0.3 to 0.6 MeV are shown in
Fig. 8. Each proton angular momentum vector contains
the contribution of two g9/2 proton holes. It should be
noted that the angular momenta of the four proton holes
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FIG. 7. (Color online) Contributions of each (a) proton and
(b) neutron orbital from N = 4 major shell to the angular
momentum alignments 〈Jx〉 for ν1/2
−[550] in 101Pd. The di-
agonal (off-diagonal) part jx(µ) [jx(µν)] in Eq. (6) is denoted
by black solid (red dotted) lines.
could, in principle, be extracted exactly from the TAC
calculation. Here, Jz is calculated approximately in the
following way according to Ref. [56]
Jz =
√
〈Ψ|J2z |Ψ〉 . (13)
This method has been proved to be a good approximation
by comparing the principal axis cranking with the parti-
cle rotor model in Ref. [56] and has already been used for
investigating the two-shears-like mechanism in 105Cd and
106Cd by PNC-CSM [35]. It can be seen from Fig. 8 that
the two proton angular momentum vectors jpi are point-
ing opposite to each other and are nearly perpendicular
to the vector Jν at ~ω = 0.3 MeV. The abrupt increasing
of neutron angular momentum alignment from ~ω = 0.4
to 0.5 MeV in Fig. 8 is due to alignment of the neutrons
in νg7/2 and νd5/2 orbitals. With increasing rotational
frequency, the higher angular momentum is generated by
gradually closing of the two blades of the proton angular
momentum jpi toward the neutron angular momentum
vector Jν , while the direction of the total angular mo-
mentum stays unchanged. This leads to the closing of
the two shears. The two-shears-like mechanism is, thus,
clearly seen. It should be noted that from ~ω = 0.4 to
0.5 MeV, the two shears close rapidly with increasing
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FIG. 8. (Color online) Angular momentum vectors of neu-
trons Jν and the four pig9/2 proton holes jpi , at rotational fre-
quencies from 0.3 to 0.6 MeV for ν1/2−[550] in 101Pd. Each
proton angular momentum vector contains the contribution
of two g9/2 proton holes.
rotational frequency, which is caused by the rearrange-
ment of the proton occupations in pig9/2 orbitals, and
the magnitude of two proton angular momentum vectors
keep no longer constant. This reflects the important role
played by the proton angular momentum alignment in
the present two-shears-like mechanism in 101Pd.
IV. SUMMARY
In summary, the possible antimagnetic rotation band
ν1/2−[550] in 101Pd is investigated by the cranked shell
model with pairing correlations treated by a particle-
number conserving method, in which the blocking effects
are taken into account exactly. The experimental mo-
ments of inertia and reduced B(E2) transition probabil-
ities are well reproduced by the PNC-CSM calculations.
By analyzing the ω-dependence of the occupation prob-
ability of each cranked Nilsson orbital near the Fermi
surface and the contributions of valence orbitals in each
major shell to the total angular momentum alignment,
the upbending mechanism of ν1/2−[550] in 101Pd is un-
derstood clearly. The upbending around ~ω ∼ 0.45 MeV
is mainly caused by the rearrangement of proton occu-
pations in g9/2 orbitals, while the contribution from the
neutron g7/2 and d5/2 orbitals is rather small. Moreover,
it is found that the proton angular momentum alignment,
which mainly comes from the rearrangement of proton
occupations in g9/2 orbitals, plays also an important role
in the two-shears-like mechanism.
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